Cell enrichment is a powerful tool in a variety of cellular studies, especially in applications with lowabundance cell types. In this work, we developed a standing surface acoustic wave (SSAW) based microfluidic device for non-contact, continuous cell enrichment. With a pair of parallel interdigital transducers (IDT) deposited on a piezoelectric substrate, a one-dimensional SSAW field was established along disposable micro-tubing channels, generating numerous pressure nodes (and thus numerous cellenrichment regions). Our method is able to concentrate highly diluted blood cells by more than 100 fold with a recovery efficiency of up to 99%. Such highly effective cell enrichment was achieved without using sheath flow. The SSAW-based technique presented here is simple, bio-compatible, label-free, and sheath-flow-free. With these advantages, it could be valuable for many biomedical applications.
Introduction
The ability to enrich cells or other biological samples with high viability and recovery efficiency is important in many applications in bioanalysis and medical diagnostics. [1] [2] [3] [4] [5] [6] [7] This ability is even more critical when dealing with low-abundance cell types (i.e., rare cells), such as circulating tumor cells, stem cells, and fetal cells. 8 Enrichment of these low-abundance cells is vital since higher sample concentration often leads to significantly improved signal-to-noise ratio in analysis. Conventional cellenrichment techniques, such as centrifugation, are not suitable for use with these low-abundance cell types due to the significant loss of cell viability and limited ability to handle small quantities of cells with high recovery efficiency. In this regard, microfluidic-based approaches have significant advantages. Unlike the traditional macroscale platforms, parameters in microfluidic devices (e.g., channel dimensions, flow profile) can be precisely controlled at the cellular scale; this precise control facilitates high capture efficiency and isolation purity. 9, 10 Furthermore, enriched cells can be quickly and precisely manipulated to next-stage analysis (e.g., genomic analysis, drug screening) or on-chip cell culturing as part of an integrated and automated process, eliminating the intermediate procedures required in macro-scale systems. 11, 12 Among all the microfluidic-based cell-enrichment techniques, those using non-contact cell trapping are often preferred due to their ability to limit surface interaction and mechanical stress on cells and provide convenient sample transfer. 13, 14 Non-contact cell trapping is usually achieved by applying external forces to the cells to counteract the viscous drag force in continuous flows. Over the past decades, various on-chip techniques have been implemented to trap cells or micro-particles in microfluidic flows, including dielectrophoresis (DEP), [15] [16] [17] optical tweezers, [18] [19] [20] and magnetic tweezers. 21, 22 Recently, acoustic-based approaches [23] [24] [25] [26] [27] [28] [29] have received significant attention because of their versatility, bio-compatibility, and label-free, non-contact nature. For example, the standing surface acoustic wave (SSAW) based microfluidic techniques have resulted in a variety of applications (e.g., cell/particle focusing, patterning, separation, and sorting). [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Recently, our group demonstrated a SSAW-based cell patterning technique that can trap cells or microparticles in stationary fluids. 41, 42 However, SSAW-based cell trapping in moving fluids
for on-site sample enrichment has not yet been demonstrated. In this work, we demonstrate a SSAW-based cell trapping and enrichment technique that operates in continuous flows. Our experimental results indicate that this SSAW-based cell enrichment technique can achieve a recovery efficiency of more than 90% for highly diluted blood cells and concentrate the sample by a factor of 100-1000. Experimental results indicate excellent post-enrichment cell viability. Moreover, detachable microchannels enabled by coupling gel allow simultaneous multichannel processing to enhance the enrichment efficiency. Our SSAW-based device is simple to fabricate and highly flexible in terms of channel material selection, resulting in significant potential for system integration and mass production. With its high recovery efficiency, bio-compatibility, and simplicity, the SSAW-based cell enrichment approach presented here can be valuable in many cell-based bioanalytical systems. [43] [44] [45] [46] [47] [48] [49] [50] Working mechanism Fig. 1A shows the schematic of the SSAW-based cell enrichment device. A pair of parallel interdigital transducers (IDTs) was deposited onto the lithium niobate (LiNbO 3 ) substrate. A micro-tubing channel with spherical cross-sections was assembled in the SSAW-activated region of the substrate with its long axis oriented in the propagation direction of acoustic waves. In order for the acoustic waves to propagate into the microchannel, a coupling gel was used to fill the gap between the tubing and the substrate, as shown in Fig. 1B . Applying an AC signal to the IDTs results in the generation of a SSAW field and thus the creation of a non-uniform pressure field in the fluid with a periodic distribution of pressure nodes (i.e., minimum pressure amplitude) and antinodes (i.e., maximum pressure amplitude). In the presence of the SSAW field, a cell suspension was injected into the microchannel. Upon entering the region where the coupling gel bonds the microchannel to the substrate, known as the enrichment region, cells were trapped at SSAW pressure nodes. As more fluid passed through the enrichment region, the concentration of the trapped cells gradually increased until the trapping was saturated. Finally, the SSAW was turned off to release the cells. The enriched sample could be collected from the outlet of the microchannel or directly delivered into the downstream for further analysis and processing.
When cells enter the pressure field, they experience two forces in the x-y plane: the primary acoustic radiation force (F r ) and the viscous drag force (F v ), which can be expressed as
where p 0 , V p , λ, ϕ, x, ρ m , ρ p , β m , β p , η, r, and v are pressure amplitude, particle volume, SSAW wavelength, contrast factor, distance from the pressure node, density of medium, density of cells, compressibility of medium, compressibility of cells, medium viscosity, cell radius, and relative velocity, respectively. As shown in Fig. 1C , the primary radiation force moves the particles to the pressure nodes. As the distance between particles decreases, the secondary radiation force plays a dominant role in aggregating particles together and forming an array of clusters. 15 The component of the primary force along the x axis immobilizes the clusters in the pressure nodes by competing with the viscous drag force in the opposite direction. The clusters continue to attract nearby particles, growing in size and resulting in an increase in radiation forces on clusters. Because each pressure node has a maximum trapping capacity, the saturation occurs gradually from the upstream end to the downstream end of the enrichment region. When the volume of a trapped cluster is saturated, some particles will be flushed off and trapped again at the downstream pressure nodes.
Materials and methods
We used Y+128°X-propagation LiNbO 3 as a piezoelectric substrate to generate SSAW. The IDTs were fabricated through standard photolithography processes. 32 After depositing a metal double layer (Cr/Au, 50 Å/500Å) with an e-beam evaporator (Semicore Corp), two parallel IDTs were formed on the LiNbO 3 substrate by a lift-off process. The IDTs we designed had 20 pairs of electrodes with consistent electrode widths and spacing gaps (50 μm). Both IDTs could generate identical surface acoustic waves (SAWs) with a wavelength of 200 μm at a resonance frequency of 19.6 MHz. Coherent AC signals, which were generated by an RF signal generator (Agilent Tech, E4422B) and amplified with a power amplifier (Amplifier Research, 100A250A), were applied to both IDTs to generate two travelling SAWs along the delay line, forming a one-dimensional (1D) SSAW field. The device was immobilized on the stage of an inverted microscope (Nikon TE2000U). A CCD camera (CoolSNAP HQ2, Photometrics, Tucson, AZ) was connected to the microscope to record the cell-enrichment process. The fluorescence intensity was analyzed with ImageJ 1.46 software.
In the experiments, we used polyethylene tubing (BD, Franklin Lakes, NJ) with an inner diameter of 280 μm as a microchannel. The micro tubing was assembled at the SAWactivated region of the LiNbO 3 substrate with its long axis oriented in the direction of SAW propagation (Fig. 1A) . The center of the SSAW-activated region was coated with a KY gel (Johnson & Johnson, New Brunswick, NJ) between the substrate and the microchannel (Fig. 1B) . The coupling length was about 5 mm. A syringe pump (neMESYS, Cetoni GmbH, Korbussen, Germany) was used to control the flow rate. Each sample collected from the outlet was subsequently diluted into a proper volume, and counted in a hemacytometer (Hausser Scientific, Horsham, PA) three times. For the highly diluted blood samples (10 3 cells mL −1 ), the number of trapped cells was directly counted in the microchannel through the microscope. Fluorescent microspheres (Dragon green, 480/520, Bangs laboratories Inc, Fishers, IN) were used to characterize the device. Microspheres with a diameter of 7 μm were suspended in 1% SDS solution at a concentration of 10 6 particles mL −1 .
Human whole blood purchased from Zen-bio, Inc. was diluted with 1× PBS solution into different concentrations (10 3 -10 5 cells mL −1 ) for cell enrichment. Since it was not able to culture red blood cells, cell viability was tested in a Murine Raw 264.7 macrophage cell line. Cells were either treated by passing through a microchannel with or without SSAW enrichment, or incubated at 65°C for 15 min. Cells without any treatment and culture medium were used as a positive and a negative control, respectively. After treatment, cells were seeded in a 96-well plate in a complete Dulbecco's modified Eagle's medium (DMEM, Invitrogen) containing 10% (v/v) fetal bovine serum (Atlanta Biologicals) and 1% (v/v) penicillin-streptomycin (Cellgro) at a density of 10 5 cells mL −1 . After 24 h, cell viability was determined by MTT assay 52 and its absorbance at 450 nm was expressed as mean ± standard deviation of five experimental measurements.
Results and discussion
SSAW-based particle trapping
The coupling gel between the microchannel and piezoelectric substrate allows acoustic waves to propagate into the fluids in the microchannel and generate a non-uniform pressure distribution. In our design, the length of the enrichment region is about 5 mm and the distance between each adjacent pressure node is 100 μm (half wavelength). The number of pressure nodes (trapping positions) created in the microchannel is approximately 50, providing a high trapping capacity. Fig. 2 shows the fluorescent images of the particles trapped along different locations of the enrichment region. In the entrance of enrichment region (Fig. 2-I ), a comparison between the air medium (non-enrichment region) and the gel medium (enrichment region) is presented. After the SSAW field was applied, fluorescent polystyrene beads flowed into the trapping region and aggregated at the pressure nodes. The particles which had not entered the enrichment region experienced no acoustic radiation force and remained randomly distributed in the microchannel. Fig. 2 -II shows that particles placed in the middle of the enrichment region were well patterned by the acoustic radiation forces. While the power was on, all of the particles remained inside the enrichment region as shown in Fig. 2 -III. Even though continuous flows were applied, no particle was observed in the lower reaches of the microchannel (outside the trapping region), indicating effective particle trapping by SSAW (see ESI † Video 1).
Device characterization
We used fluorescent beads to characterize the process of sample enrichment. As illustrated in Fig. 3A , this process has three stages: enrichment, saturation, and release. Fig. 3B shows typical images of each stage (see ESI † Video 2 and Video 3). Before SSAW was turned on, particles passed through the detection region at a consistent velocity (Fig. 3B-I ), resulting in little change of the fluorescence intensity. The intensity started to increase as soon as a SSAW field was applied. The growth rate was approximately linear because the acoustic radiation force captured most of the particles once they entered the trapping region. During this period (the enrichment stage), the sample was gradually enriched inside the enrichment region ( Fig. 3B-II and III) . When the trapped sample approached the maximum capacity of the pressure node, some trapped particles were released and new particles were trapped achieving dynamic equilibrium and retaining a constant amount of particles in the pressure node (Fig. 3B-IV and V) . This saturation stage started with a sharp decrease in the growth rate of the fluorescence intensity. During saturation, the intensity was maintained at a certain level (~150 in this case) with small fluctuations, as shown in Fig. 3A . The stable immobilization of sample inside the microchannel allowed for the introduction of a washing buffer as an additional purification step. The purification step is useful to remove contaminated molecules and exchange mediums, an important process in online biochemical analysis. 22 As soon as the SSAW was turned off, the fluorescence intensity experienced an immediate jump (a sharp peak in Fig. 3A) since a large amount of the fluorescent beads were released and simultaneously passed through the detection region. The particles were removed by the flow (Fig. 3B-VI) , leading to a fast decay of the fluorescence intensity.
We further studied the influence of input power on enrichment ability, as shown in Fig. 3C . Four power levels from 16 to 19 dBm were used to enrich the particles at a single flow rate. When the input power was tuned from 16 to 18 dBm, the fluorescence intensity at the saturation stage increased from~50 to~150, indicating that a higher trapping capacity was achieved due to stronger acoustic radiation forces. Though a higher input power resulted in a higher pressure amplitude (p 0 ) and thus stronger acoustic radiation forces exerted on the particles according to eqn (1), acoustic streaming also became obvious at higher power levels (19 dBm and above). 53 Fluorescence intensity grew linearly during the first 70 s but then suddenly dropped to the original level in the next 10 s. This was because the acoustic streaming became dominant and particles failed to remain trapped at the pressure nodes. The flow rate is another factor that influences the sample enrichment. To trap particles at the pressure nodes, the acoustic radiation forces (F r ) should be larger than the viscous drag forces (F v ). A higher flow rate could help to enhance throughput, but also exerts larger viscous drag forces on particles due to the higher particle velocity (v) in eqn (3), leading to a decrease in the recovery efficiency. We conducted sample enrichment with four different flow rates and a constant input power of 18 dBm. As shown in Fig. 3D , a flow rate of 5 μL min −1 achieved a smaller growth rate in . At a higher flow rate, the stronger viscous drag forces enable particles to escape trapping by acoustic radiation forces.
Parallel sample enrichment
Polydimethylsiloxane (PDMS) has been widely used in SAW microfluidics for the fabrication of predesigned microchannels, which can then be bonded to a piezoelectric substrate to form a SSAW-based microdevice. However, the relatively high cost of the piezoelectric substrate limits the device's utility in disposable applications. In our work, polyethylene micro tubings were assembled onto the LiNbO 3 substrate as microchannels. After each run, the used tubings could be easily peeled off and replaced by new tubings to avoid cross-contamination. In addition to disposability, the micro tubings enable a multichannel, SSAW-based sample enrichment configuration with our device. The parallel sample enrichment could help to improve the working efficiency and throughput by enriching more cells in less time, or enriching different species of cells simultaneously. As shown in Fig. 4A , by assembling an array of micro-tubing channels (three in this case) onto the piezoelectric substrate, parallel sample enrichment was conveniently established. In each channel, the efficiency of the sample enrichment was consistent (Fig. 4B) , revealing a steady performance of each working unit.
Enrichment of highly diluted blood cells
Serially diluted human whole blood was used as a sample for cell enrichment to demonstrate the capability of our device. Blood cells with three concentrations (10 5 , 10 4 , and 10 3 cells mL −1 )
were studied in the experiments. Each sample was enriched for 10 min at a flow rate of 7 μL min −1 . The enrichment process is shown in Fig. 5A . The blood cells gradually accumulated at the pressure nodes once they entered the enrichment region, resulting in growth of cell clusters. Since the cell samples were highly diluted, trapping saturation did not occur during the enrichment process. The recovery efficiency for the enrichment of diluted blood cells was calculated and shown in Fig. 5B , 70 μL of the sample was enriched into a final volume of 0.3 μL with a recovery efficiency more than 90%, indicating that the sample was concentrated by two orders of magnitude. The concentration factor could be further increased with an increase in processed sample volume. As a result, the concentration of the sample after enrichment could be enhanced up to 100-1000 times, which shows an improvement over many other cell or particle enrichment techniques (typical concentration factor: <100 times).
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Cell viability test
One of the biggest advantages of our SSAW-based cell enrichment technique is its bio-compatibility. In this regard, we measured the viability of cells after SSAW enrichment by MTT assay. Cells without any treatment and culture medium were used as a positive and a negative control, respectively. As shown in Fig. 6 , the viability of cells which passed through the channel with and without SSAW enrichment was measured to be at the same level as the positive control (between 0.25 and 0.30), while the viability of the cells incubated at 65°C for 15 min was close to the value of culture medium (lower than 0.10), indicating that the process of SSAW-based enrichment had no significant effect on cell viability. Though the viabilities of cells passing through the channel with and without SSAW enrichment (the second and third bars in Fig. 6 ) were observed to be different, the P values between these two groups and the positive control (the first bar) were calculated to be 0.9204 and 0.3108, both of which are larger than 0.05. As a result, the difference of these three groups could be considered to be insignificant.
Conclusions
By applying a SSAW field to induce a non-uniform pressure distribution in the microfluidic channel, a large number of pressure nodes can be generated to trap cells for sample enrichment. This SSAW-based technique allows the enrichment of highly-diluted cell samples with excellent performance (concentration factor: 100-1000; recovery efficiency: over 90%; high viability). In addition, the gel-coupling method provides further advantages: flexibility in the channel materials, simple fabrication, and high-throughput parallel sample enrichment. These advantages make the SSAW-based technique presented here promising in the enrichment of low-abundance rare cells for cellular study. 
